£nces in mechanios) properties sesaured in vacuus and in air or other
ghzeous enviropments ave discussed in terws of type of test, besic proc-

A concept of protective coatings to prevent gas-metal surface




15%avent vhen measured 1n vewm Tetber

1z vacuum spd those messured in sir or "inert” simcsyheres - sometines
elimingtion or winisisstion of ges~sclid aurfece vesctions. So-called
eoncentyation of reactive species 1o toe atmosphers of "inert” gas 1s
crders of megnitude grester thas in sven s molerste yacum. Tor exmgle,

5 ypu of & vesctive gis iu 1 stmosphers of inert gus is sgifvalent toa
partisl pressure of sbout 107 torr of tiwt weactive gaa.




the acope of this paper. The review is not intended to be all inclusive,

but rather to provide examples of experimental results that effectively
indicate the state of the axt.

EXVIROIMENTAL EFFECTS Gif MECHANICAL PROPERTIES

The prizary envircmnmental reaction, other than thermal, that can
Mmgiwuum,umeormzwmumm
ambient atmcsphere, which can cause gross changes in metallurgical struc-
ture. These changes include the formation of surface oxide scale, of
carbide or nitride surfaces, or oxidation along grain boundaries. Changes
in mechanical properties that cause less cdvicus alterations in micro-
structure are the strengthening effects that can ocour from fine-particle
precipitation of oxiZss, nitrides, hydrides, and catbides in the interior
of the metal. These effects usually result from reacticas with impurities
introfuced by the enviromment in small quantities. Similar contamination
by even saaller smounts of interstitial elements throughout the matrix of
acme metals can result in a pronounced strengthening effect accompanied
by caly very slight changs in crystallographic structure.

Sarface films also can significantly affect the mechanical properties
‘of metals. Roscoe® demonstrated in 193% that solid, thin films of axide
,au&umu;,mm«wmm.
Since thet time, mumercus investigations bave shown convincingly that the
_ mechentosl properties of metals arve emvirament-semsitive in that they




composition anslysis, can csuse modifications in mechanical properties
that cen be detected in an inert-gas or vacuum envivonment.
mulyso,mmo:mmmmm«m
cn the mechanical properties of metals® was small in comperiscn with
investigations into the corresponding effects on acueous and gaseous
enviromments.® Investigations of vacuum effects on mterials lave accel-
erated, however, in response to the increasing interest in aerospace
materials applications. Since vacium and inert-gas enviromments ave
extensively used in the fabrication of many metals, the effects of these
envirooments cn the mechanical yroperties of the metals must be determined.
Investigation of material propertiss that may be affected by formation
of atomic or molecular swface films requires the gweparation (or genera-
tion) of & contazmination-free surface, and the capebility to maintain it
throughout the experiment. The time reguired to form & munomolecular £ilm
on an initially clean surface® is a funetion of the pressure of the
ambient atmospbere. Assuidng that every molecule striking a surface is
adsorbed, or sticks, this time can be calculated on the basis of the kinetic
thecry of gases. As a finction of pressure, figure 1 shows the time
required for the formation of a surface monolayer in air. If the time
requived for & test is only 8 few seccnds, then a vacwum of about 10°% torr
is sufficient to prevent complete contamination of the surface. Because
;"m,wmat_mﬁhmmbhm
 n testing, hovever, Beaningful results can be otained in time Jeriods




mm.mmmmmm&a«m
effects are generated during the test itself. In adhesion tests,

mmmmmsiadmnmmww
graia size snd iatergramilar surface area, these factors also must be
considered in sny study of changes in bulk properties induced by exterzal




gamcnstrete s pronounted vacuim &ffect simtler 4o that for alustmom.
They chserved thet the magnitude of the effect also depended on strain
rate and vaduim level, as shows in figive 3. This figuve shows, 88 8
functicn of pressure, the percent change in strein A7 at the end of the
mm:@f&mwazmnaudmmm
retes of 6.7, 0,67, and 0.067 min™>. For each strein rate, thers sppesred
£0 be & Pressure Tenge above and belov vhich changes in vacwm level had
um,nr:eee, for & strain rate of 0,67 min™%, for exmsple, this range
W/MM"’tom".

' In teste o polycrystalline magnesius sheet specimens with gage cross

secticn 1/2" X 3/4", no vacuum effect was cheerved on Tine-grained (0.0 =m)
spsctmens; but specimens of larger grain size (0.20 mm) shoved improved :
ductility over similar specimens tested in air as iniicsted by the stress-
strain curves of figuve b mmwmmwmm,

‘uMMmmmmiumwm@mﬁ




fresh metal surface i3 crested mare rapidly than & surface £1In can be
formed by grsecus impurities in the environment, theve is no barrier on
| the film-free part of the surfacs to ihe unimpsted egress of dislocaticns; “
consequently, there is decreases pile-up of dislocations and lower strength.
The depasdoance of & vacium effect o strain rate, noted for magnesium single
crystals, similarly san be explained in terms of the relation between strain
‘Tte, Which determines rete of crestion Of new surface, and pressure level,
ﬁ&mm««wmamwm.

For polycrystalline material specimens of normel size and grain size
in which the intergrenular surface greatly exceeds the external surfsce
ares, the Immcbilizing effect of the intergramilar surfaces on the motion
of @tsloeations can completely mesk the effect of film formation om new
surface sren crested by the tensile test. As the ratic of surface avea to
ares incresses vith increasing grain size end decreasing

WWM, reaching & saximum yregardless of specimen
elze vhen ¢ jﬂwesmumso‘mm. For vexy




kinetics involved. At high tesperstures, for exsuple, plastic flow within

grains and grais boundary siiding sccounts for umknown portions of the

deformaticn during creep.

Strengthening by oxidation from gaseous envircnment at high tempera~

tures bas been reported by McCoy and Douglas® emong others, on Type 304

stainless steel, by Cass and Achter® on nickel, and by Shahinien snd

Achter™® on the nickel-chrome alloys. Data reported by Shahinisn and
; Achtex for crsep of a nickel-clranium alloy at 1100°F in air and vacuum,
! shown b figure 5, are typical of the oxide-strengthening effect of aly
; environments cn metals. They also found, hiowever, that the effect of air
on the rupture time of nickel undergoes a veversal,’ as shoim in Pigure 6.
The metal was strouger in vacum st high stresses (shiorter exposure times)
but stronger in alr st low streésses. Nelson and Willsams® also cbserved o
diverse vacum effect on the creep resistance of magnesium compared with
those determinsd 1n an alr-ergon enviremsent at 1 atwoephere. The sesulis
mmnmvummm~mmm-
ture. Wmmtm,mimmm&tﬂamm
level either large incresses or decresses in its creep resistanice in vacwm
w&wmﬁyuuMwa-tmmmm
;;mﬁmm,wmmmammmo
state cresp equation is based ere not valid for cresy in vacwm,




,ﬁ:e m&mmw consist in the causes
‘of bigher fat Wmmwmw,mmm

Tatigue Properties
mmm«mam&”mmmmsm
,m,;mewwmmmmmm
: ? Wmumwmm Other investigations
, ,atssume-kw@rm«embym
! mmnm~m, Vk&ermmbeeu
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Tmproved fatigue properties of metals tested in vecwm compared with
those tested in air hsve been reported by several investigstors in sdds-
tion to Gough snd Sopwith:3® Wadeworth® for steel, copper, aluminum,
Snowien®t for aluminum and lead; Pam,”® Kramer and Podlaseck,® Shen ot al.,%®
end Hordon®® for high-parity slusinve; Nelsos snd Willians® and Sweion™®
mmmmmamaum Pigure 8 shows the S curves
{maximum outer fiber stress versus cycles to failure) for umalloyed magne~
sium in reverse-bend flexure tests In alr end in vactum. The marked fwproves
ment of fatigue properties in vecwuum is evident. Investigetichs tave show
that the effect of fmproved futigue Properties in vacwm over those in air
chzerved 8% romm tempersture con be reversed at high terperatures. Dinek
et 61.%® found that for nickel in reverse bending st 1500%F es shown in
figure 9, there 15 & reversal in the stmospheric effect for 0,060-tnch
Wmmmmmmmmm;me.mm
st the higher stratas or stress have longer fatigue 1ife in vacuim then in
u:;mammumm,mnzmmmma
fatigue 1ife 1s longer in air.
Investigations into the effect of changes in the azblent gas premswre
Tatigue 1ife revealed cantimucus verietion between the two in some

MWQ:;W mmmam;




the cpsicks, dnlly thisy & greater
¥y 1€ should Ve more LIrLet for




Wwaﬁﬁmwmmmam
stusesliere. mmmmwmmﬁmm
i Seeitics.

Kdlission tegts deteriine the Boad or weid strength Tetvss tio gl

faces Trought tu contact. Ao Inttiaily e sirfics is necwisuy T
SLEE Sobertatis - this 6% ﬁf& S E'iﬁfﬁi‘f‘?mﬁw"w
stvengts. mewmmm Reate




of & recent stuly by Giibresth® shoved thet surfaces cowld be effectively
contaminated only by chamiscrbed gases; Thysicelly sdsorbed Inert gases
Bad 11ttle effect, at lesst at Jressures less than 1 atmosphere. ¥ig-
ure 12 shovs the effect of gasecus cantemtnstion on sdbesion bond strength.
The normalized adhesion coeffictent (ncrmalized to eliminate the effects
of work bardaning fram yepeated compressicn o adbesion) is plotted as &

funetion of integrated exposure in torr sec (the product of pressure in
torr and exposure in sec). The adheston coefficient is a measure of bond
& cosfficient of unity repvesenting camplete rewelding. As




ik

; ‘zeumwmﬁﬂmmwwmm
stresses WM«M&W%WW
1n allowble fatigue design criterds. Also, coatings could be used for
Trotection of those components or perts of space vehicles that have
eritical Tatigue properties and conld benefit by enbanced fatigus bebavicr
during the launch pericd vhen the vehicls is temporarily svbjected to
severe vibrations. The costing would Bave £o be sufficiently ductils to
withatend without frecture the strafns imposed by the cyclic stresess
encountered.

Besults of flexure fatigue tests of polymer-coated specimens are
show in figure 13, vhich compares S-¥ fatigue data far these coated

specizens with the previously mestioned mscated spscimens tested in air
and i vacuum. mwmmammmm




and tengeratures. The incresse of sir-tested fatigue properties to values
close to vacunm-tested specimens 1s attriduted to the effectivensss of the
- ceatings in apperently exciuding the amblent stmosphere fiam contact with

In the sheence of sn 18eal, completsly nonresctive envircment for
m&mmmmm. on the dasis of

of comtending with extrese cxidaticn of refractory metals in air at high

well inown. These rescticns sve typical of gas-metal
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gases. The container swramding the metal can also be an evacuated and
seslsd enceapsulating jJacket, vhich accompanies the resctive mestal o
metal compact through subsequent fabricating processes for which a am-
reactive atmosphere is essential. A varistion of this tedmigue is roll
bonding, in whiich the atwosphere is excluied from the gubstrate metal by
the cladding material. Protective coatings or films also aye used
extensively to provide, in effect, a noureactive epviranment. In fabrics«
mm,WMmmmwth
interface betveen contacting surfeces of the fabricating equipment snd the
metal being processed.
Steel Corporstion iz & mique emample of o usshle nonreactive metal fabwri-
eating enviromsent. . It wes designed and constyucted t0 procsss refractary
‘metals at true-hot-working temperstures up to KOOOOF with aptimtzation of
alloy properties and minimm Scotesinetion or property degredstica. Tt
mmmwﬁmm&mk%n;ms




3  wee approximtely equtvalest o tat caused by & vacum of 2075 torr.%
This contamination effect of the srgon stmcepbere 15 less, by two crders of
W,mmwm,mk*mmu

mmnmnmemmmmmc
' ﬂ,iﬁ"m Beascns for this discrepmncy sre not entirvely

mdﬁc&ﬁmmwt@e&w contam -
mum, depnding oo exposure coaditions of tesperature and
envivomsent. The increase in tensile strength of colusdbium due to small
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mﬂ“ ; 3 ts mey evaporate, csusing depletion of these
elammts at the surface. Concentretion gredients in the metsl sre thus
crested end these clements will migrate by @iffusson to the surface fiur
* qubsequant eveparaticn, resulting in foramticn of voids, end chenges in
cqmposition and microstructure in the metal.
mewmmaam
matma%wm,mmm,zsm
tigeten, nmu&a,mmm«mm.m,
201 carbon) over the temperature yange of 870° to 1100%, in high vacumms
{9a0"7 torr and lover). mmmmmum
,'Wuw,uw,uuzwwm
vith increase in exposure period, as shown by figure 16, Changes in the
mﬁmxmmmu,mwmamm

w'mmo:mum&m
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. 2 ‘,cmwmmxmm.mwm
“mmmmmmmummm
for application 1n ths stasephere of earth. At pressures of 107 torr,
mmmmm:uwwm.mmm.
mmuﬂammmmmww'
this order vithout grest diffscuity, Within these presently attainable
mwmum,mmmmx
mammequ.
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